The environmental impacts of the construction industry can be minimised through using waste and recycled materials to replace natural resources. Results are presented of an experimental study concerning capillary transport of water in concrete incorporating densified expanded polystyrene (EPS) as a novel aggregate. A new environmentally friendly technique of densifying was used to improve the resistance to segregation of EPS beads in concrete. Twelve concrete mixes with three different water/cement ratios of 0.6, 0.8 and 1.0 with varying novel aggregate content ratios of 0, 30, 60 and 100% as partial replacement for natural aggregate by equivalent volume were prepared and tested. Total absorption, absorption by capillary action, and compressive strength was determined for the various concrete mixes at different curing times. The results indicated that there is an increase in total water absorption (WA) and capillary water absorption (CWA) and a decrease in compressive strength with increasing amounts of the novel aggregate in concrete. However, there is no significant difference between the CWA of control and concretes containing lower replacement level.
fine silica fume greatly improved the bond between the EPS beads and cement paste and increased the compressive strength of EPS concrete.
A recent published paper [6] deals with the mix design and mechanical properties of very lightweight concrete (LWC) made of EPS and very high performance matrix. In this paper, they added a super-plasticizer and adjusted the dosage. It is shown that the lower the inclusion size, the higher the compressive strength of the hardened concrete.
Another study [7] reports the results of an experimental investigation into the properties of hardened concrete bricks containing EPS beads. The beads are used as part of fine aggregate replacement in the mixes. It was found that EPS concrete is very prone to segregation and has low compressive strength. The properties of the bricks are mainly influenced by the content of EPS beads in the mix. The results indicate that polystyrene concrete mix with certain portion of the beads may provide as a suitable alternative material in the construction industry. The permeability was also decreasing with increasing density. It was interesting to see that the higher strength and higher density EPS concretes (1500 kg/m 3 ) were similar to control concretes in terms of permeability.
The total WA values in an investigation [8] show a decreasing trend with increasing density of the concretes. It was also observed that the lower the EPS bead size, the greater the concrete compressive strength, for the same concrete porosity. This is in agreement with the results obtained in a recent study [9] which confirmed that the volume of EPS has the most significant effect on compressive strength of concrete. The compressive strength of EPS concretes was found to be directly proportional to the concrete's density [9] . That means EPS concrete's compressive strength increases with an increase in concrete density. Another study [10] revealed that increasing the EPS content causes a significant reduction of thermal conductivity, fire resistance and compressive strength of concrete. Similar results have been reported elsewhere [11, 12] . The compressive strength of EPS concrete increased as the EPS bead size decreased, and increased as the natural coarse aggregate increased. It was also shown that due to micro-cracks of shrinkage action in EPS concrete, water absorption of concrete by total and capillary action increases with an increase in EPS content in concrete. Another recent published study [13] reported the effect of EPS particles on mechanical and durability properties of self-compacting concrete and showed that EPS mixes in salt/wetting curing condition mostly has higher levels of compressive strength. They also reported that the concrete containing EPS categorized as "good" concrete quality.
The novel technique of densifying EPS to produce a novel lightweight aggregate (LWA) was explained earlier [14] and the effects of this novel aggregate on different properties of concrete have been investigated. Although, research on LWAC containing EPS has intensified in the last decade however, there are still gaps in our knowledge of the properties and behaviour of EPS concrete. One reason is that EPS concrete properties can vary considerably depending on the type of EPS and the technique of waste EPS recycling used, and so any conclusions may only be valid for the specific cases studied. There is not much information in the literature on the absorption characteristics of LWAC containing EPS by capillary action using this novel recycling technique. Therefore, the present experimental study was aimed at investigating capillary water absorption (CWA) and strength of concretes as a function of water/cement (W/C) ratio, curing time and replacement level.
Experimental Procedure

Materials and Mixtures
The cement used was ordinary Portland cement or Type I. The chemical composition of cement is given in Table 1 . The natural aggregate used was a low-cost crushed limestone ranges between 0 and 8 mm in size conforming to the British standard requirements with bulk density of 1673 kg/m 3 , specific gravity (SSD) of 2.67 and water absorption (24 h) of 1.1%. The particle size distributions (sieving) details of natural and the novel LWA called stabilised polystyrene (SPS) according to BS EN 933-1. (2012) [15] are presented in Figure 1 . and Table 2 . The manufacturing process of SPS aggregates has been described earlier [14] . The novel aggregate used was a waste-EPS based LWA with bulk density of 457 kg/m3, specific gravity (SSD) of 0.8 and water absorption (24 h) of 13%. It is worth to mention here that, generally LWAs have high porosity resulting in higher water absorption (WA) compared with natural aggregates. In the case of SPS aggregate, due to the coating (10% clay & 10% cement) of EPS particles, WA of SPS is higher than natural aggregate and when mixed with water the value of volumetric paste content is increased. 
Figure 1. Particle size distribution of aggregates
Total of twelve different concrete mixtures were made for this investigation. The control mixture for each Series had a proportion of 1 (cement): 6 (Natural aggregate). The natural aggregate was replaced with 0, 30, 60 and 100% (by volume) of SPS aggregate. The water to cement ratios (W/C) of 0.6, 0.8 and 1.0 were used for three different series. Superplasticiser has not been used in the present study to minimise cost. Further details about the mixtures are presented in Table 3 . Concrete was mixed in a planetary mixer of 100-litres capacity. It was cleaned and slightly damped with a wet cloth to avoid any absorption of water by the concrete mixer. First, SPS aggregate was wetted with 1/3 of the mixing water before adding the remaining materials. It should be noted that extra water was added to the mixture to compensate for the water absorption of SPS and other aggregates. Natural aggregate, cement and SPS aggregates were then gently poured into the mixer according to the calculated quantities. Once all the dry materials were inside the mixer, the remaining water was then poured slowly while mixing continued. After 3-5 minutes of thorough mixing (until the mix was homogenous) the mixing was stopped and the slump and flow tests were carried out to assess the consistence of concrete. Specimens were cast in steel moulds. Before casting began, the moulds were visually inspected and cleaned thoroughly. Thereafter, a thin layer of oil was applied to the inside surfaces of the moulds for easy de-moulding. Concrete was poured into the moulds in three layers and each layer compacted by using a steel tamping rod. Subsequently, a trowel was used to level the top surfaces and neatly trim them as best as possible. After casting, specimens were covered with plastic sheets and left in the laboratory for 24 hours. Then de-moulding took place and specimens were placed in water for different curing periods (1, 7, 28, 360 and 720 days). Each of the results reported in the present study were average results of three specimens. However, if the variation between the three values was more than 10%, an additional specimen was tested to find this average. Although a new method [14] was used in the manufacturing process of SPS aggregate to improve the EPS particles' resistance to segregation, care was also exercised during mixing, pouring and compacting of the fresh concrete.
Testing Procedure
Workability and Density
The workability of the fresh concretes was measured by slump-test ( Figure 2 ) according to BS EN 12350-2:2009 [16] on the mixtures of Series 1, 2 and 3, and a flow test was carried out on the mixtures in Series 3 only. The inside of the slump cone was slightly damped with a wet cloth to avoid water absorption by the cone. The cone was then placed on a solid, impermeable base and filled with three equal layers of fresh concrete. To ensure compaction, each layer was compacted 25 times with the tamping rod. After the third layer was compacted, the tamping rod was rolled over the top so that it was finished off level with the top of the cone. The flow test ( Figure 3 ) is used for high workability concrete (e.g. with a slump of 175 mm or more). The test is carried out in accordance with BS EN 12350-5:2009 [17] . A cone, similar to that used for slump testing but truncated, is filled with concrete in two layers. Each layer is tamped 10 times with a special wooden bar and the concrete of the upper layer is finished off level with the top of the cone. Any excess is cleaned off the outside of the cone. The cone is then raised allowing the concrete to flow out and spread out a little on the flow table. The table top is then raised until it meets the stop and allowed to drop freely 15 times over a period of 45-75 seconds. This causes the concrete to spread further, in a roughly circular shape. Flow is measured as the average diameter in both directions of the concrete and the mean is taken as the flow value in centimetre. The dry density of concrete specimens which can control many physical properties in LWC and is mainly controlled by the volume and density of LWA was measured according to BS EN 12390-7:2009 [18] . 
Total Water Absorption
Prisms of 100×100×50 mm size were used for the total water absorption (WA) test. These specimens were cured in water until testing. Saturated surface-dry (SSD) prisms were kept in an oven at a lower temperature of 80º C until a constant weight was attained. This is because EPS is extremely sensitive to thermal degradation when subjected to relatively high temperatures. These were then immersed in water ( Figure 5 ) and the weight gain was measured at regular intervals until a constant weight was reached. This normally took 48 hours. The absorption at 30 minutes and the final (total) absorption (at a point when the difference between two consecutive weights was almost negligible) were reported to assess the concrete quality. The WA is given by:
Where Ws and Wd are the saturated and dry weight of specimens, respectively. 
Capillary Water Absorption
Specimens of 100×100×50 mm size were used for the CWA test ( Figure 6 ). These specimens were cured in normal water until testing. Saturated surface dry (SSD) specimens were kept in a hot air oven at 80º C until a constant weight was attained. For the CWA test, the absorption of water by the concrete specimens was determined by measuring the increase in the mass resulting from water absorption as a function of time when only one surface (2-3 mm) of the specimen is exposed to water on a support device [2, 21] . The schematic diagram of the CWA (moisture migration) test setup used is shown in Figure 7 . During the test period, weight gain was monitored at intervals of 1, 3, 5, 7, 10, 20, 30, 45, 60, 120, 180, 1440 and 2880 minutes. The water level was kept constant throughout the test. The CWA values are the average of three test samples. The weight (g) of water absorbed per unit area (mm²) was plotted against the square root of time (minute). The units are in g/mm² min½. 
Results and Discussion
Workability and Density
The workability (slump and flow table) values for concretes containing varying amounts of SPS aggregate at different water to cement ratios (W/C) are presented in Table 4 . Comments on visual observation are also included in the table.
The slump values were in the range of 3-36mm in Series 2 and 55-160 mm in Series 3. None of the mixtures in Series 1 recorded any slump, which means they were stiff mixes. This was mainly due to the low W/C ratio and lack of any super-plasticiser which would have improved the workability [6, 22, 23] . Flow values for Series 3 (W/C = 1.0) mixes were in the range of 38-48 cm. The workability for the mixtures of the Series 1 was just enough to be compacted and could also be finished, but all other mixtures were flexible and easy to work with, and compaction and finishability were easy. The workability of the concretes increased with increasing the replacement level of SPS aggregate in concrete up to 60% then decreased for 100% SPS replacement. This was mainly due to the SPS aggregates high water absorption and lack of any superplasticiser, which would have improved the workability [24] . The generally high absorption capacity of LWAs reduces the workability of the mix due to the aggregates' higher porosity. However, the absorption capacity of polystyrene is very low due its closed cellular structure [25] . Nevertheless, in the present study the clay content (10%) and cement (10%) in SPS aggregates, which coated the polystyrene particles, possess a higher water absorption capacity than unmodified polystyrene particles. It is worth to mention here that lightweight (low-density) concrete does not show as much slump as normal-weight (normal density) concrete with the same workability. The reason for this, is that the effect of gravity is lower in the case of lighter aggregate [26] [27] [28] [29] .
The dry density of concretes (which complied with BS EN 12390-7:2009) [18] containing varying amounts of SPS aggregates is presented in Table 4 . The density values were in the range of 891-2133 kg/m 3 . According to the results reported in Table 3 , the density of concretes decreased with increasing the replacement level of SPS aggregate with natural aggregates. This is because the density of SPS aggregates was much less than that of natural aggregates. According to BS EN 206 (2000) [30] the LWC must have a dry density of not less than 800 kg/m 3 and not more than 2000 kg/m 3 . Thus, the concrete containing 30% SPS and more can be considered as LWC depending on SPS replacement levels in concrete.
Compressive Strength
The compressive strength of concretes containing 0, 30, 60 and 100% SPS aggregate at different W/C ratios of 0.6, 0.8 and 1.0 and different water curing periods of 1, 7, 28, 360 and 720 days is presented in Figure 8 The results show that the incorporation of SPS aggregates caused a reduction in the compressive strength of concrete depending on the level of replacement with natural aggregate [14] . The compressive strength of the SPS concretes at 28 days decreased between 1-73%, 21-68% and 19-66% at W/C ratios of 0.6, 0.8 and 1.0 respectively, compared to the control concrete of each series. It was interesting to see that there was no significant difference between the compressive strength of 30% SPS concrete and control concrete (1% only) at W/C = 0.6.
Water Absorption
The 30 minutes and total WA of concrete containing varying amounts of SPS aggregates at different curing times is presented in Figure 9 . The WA values at 30 minutes and total for all three series varied between 1.6-19.6% and 3.7-42.8% respectively, at 28 days of curing.
Figure 9. WA of concrete containing varying amounts of SPS
The concrete with a higher volume of SPS aggregate, showed higher absorption. Since the non-absorbent EPS is the main material in SPS aggregate production, WA mainly increased as a result of the combination of the highly porous interfacial transition zone (ITZ) between the EPS and the stabilising coating and; the highly porous coating of SPS aggregates in comparison to the cement paste of mixture [14] . This can be confirmed from the higher water absorption of low density concretes. In the case of SPS aggregate, due to the coating (10% clay & 10% cement), WA of SPS is higher than natural aggregate and when mixed with water the value of volumetric paste content is increased. A recent published study [31] reported that the properties of the LWAC, including the transferring property, will be improved by lowering the W/C ratio and adding super-plasticiser. According to an investigation [32] , for higher W/C ratios, fewer surfaces are covered by the aggregates, so when decreasing the amount of paste, the voids or pores in the concrete increase and so does the water absorption.
According to the 30 minutes WA values and compared with the CEB [33] assessment criteria, LWAC containing 60% SPS aggregates, indicating an "average" quality concrete. In addition, mixes with 100% SPS percentages showed higher absorption values at the initial stage (30 minutes) and total absorption compared to the concretes containing lower SPS aggregates. WA for the concretes made with SPS aggregate in the present study varied between 9.5-44.8%. Similar results have been reported on LWACs incorporating different types of LWAs with similar densities and cement content [4, [34] [35] [36] . 
The value (R 2 = 0.9) represents a good correlation between the two compared parameters of strength and WA. It can be observed that the WA increases with a decrease in compressive strength and it also increases with an increase in SPS aggregate content. 
Capillary Water Absorption
The amount of water absorbed per unit area for concrete containing varying amounts of SPS aggregate versus the square root of time at the ages of 1, 7, 28 and 360 days of curing for Series 1 (W/C=0.6), 2 (W/C=0.8) and 3 (W/C=1.0) is shown in Figures 11-13 , respectively. Capillary Water Absorption (CWA) of concrete is the phenomenon by which water is absorbed into concrete by capillary action as mentioned before [2, 3] . Generally, there is a higher amount of water uptake with an increase in SPS content or decrease in concrete density at the end of the test period. However, there is no significant difference between the CWA of concrete mixtures during the first 5 minutes of the test for all series and at all curing periods except 360 days' age. The water uptake by capillary action is decreased as the curing period is increased and as can be expected the CWA increased along with the W/C ratio of the mixtures. When the W/C ratios are higher, there is an excess of water that does not participate in the water-cement reaction, so very small capillaries are produced and when the water evaporates, those empty spaces rest resistance to the concrete [32, 37, 38] .
Mixtures containing 60 and 100% SPS as a replacement for natural aggregate show substantially higher water uptake at the end of the testing period compared with mixtures containing 0 and 30% SPS. Due to the porous nature and shrinkage of the EPS particles of the SPS aggregate, the concrete connected porosity increased and resulted in higher CWA. Despite using a non-absorbent material of EPS in the SPS aggregate production process, similar to the water absorption test, the higher CWA of SPS aggregate concretes may be due to the shrinkage of EPS particles, lower cement content and higher W/C ratio. For example, at 360 days of curing, the water uptake at the end of the Series 1 (W/C=0.6) test period by the mix containing 100% SPS is nearly 2 times more than that of the reference mix (control concrete). Also at 1 day of curing nearly all mixtures did not appear to absorb more water towards the end of the test period (i.e. the last part of the curve is almost horizontal), whereas at the other curing ages the samples were still absorbing water. The ongoing hydration of concretes beyond 1 day of curing may cause blockage of pores and water would take a longer time to be absorbed. The rate of initial water absorption, which is referred to as the Water Absorption Coefficient (WAC) and expressed as the slope of the initial part of the curve during CWA [2, 3] is shown in Figure 14 . for all mixtures (with and without SPS) at all curing periods. The WAC is generally higher when the SPS content in the mixture increases, as expected. In addition, and as can be expected, after 1 day of curing, the WAC is noticeably larger than after the other curing periods. Beyond 7 days of curing, the WAC reduces for all mixtures. Figure 8 . also indicates that there is an exponential relationship between the WAC and the percentage of SPS in the mixtures at the different curing periods. If an exponential equation is fitted to the experimental data, the following equations (Equations 3-14) are obtained for W/C=0.6, 0.8 and 1.0 at the various curing periods (Table 5) ; however more experimental data would be required to confirm the equations obtained: The relationship between compressive strength and WAC of concrete containing varying amounts of SPS aggregate for all 3 series (W/C=0.6, 0.8 and 1.0) and ages is shown in Figure 15 . An exponential function seems to better describe the correlation between strength and WAC for SPS mixtures in all series where, Y is the compressive strength (MPa) and X is the WAC (g/mm 2 × 10 -3 min 0.5 ). 
The values (R 2 = 0.76, 0.84 and 0.92) represent a good correlation between the two compared parameters of strength and WAC in series 1 (W/C=0.6), 2 (W/C=0.8) and 3 (W/C=1.0, respectively. It is interesting to see that the correlation between compared parameters became stronger with an increase in W/C ratio. It can be observed that the WAC increases with a decrease in compressive strength and it also increase with an increase of SPS aggregate content in the concrete mixes. 
Conclusions
The capillary water absorption, as indicated by rate of water absorbed per unit area, increases when natural aggregate is replaced with increasing amounts of SPS aggregates; thus, coating the surface of LWAC with water proofing material is recommended which may prevent the CWA. The increase in CWA is accompanied by a decrease in compressive strength. The level of decrease depends upon the replacement level of SPS. However, adequate strength can be achieved by using an appropriate replacement level of SPS. The concrete containing SPS can be used in low-strength concretes applications and to produce lightweight bricks and blocks with low thermal conductivity. If SPS aggregate is manufactured correctly, with appropriate concrete mix design, the utilisation of this novel lightweight aggregate made from waste EPS in lightweight concrete production is possible. However, more mechanical and durability experiments needed to be done before the materials could be proven OK for use in civil engineering applications.
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